We present results on photoexcited carrier lifetimes in few-layer transition metal dichalcogenide MoS 2 using nondegenerate ultrafast optical pump-probe technique. Our results show a sharp increase of the carrier lifetimes with the number of layers in the sample. Carrier lifetimes increase from few tens of picoseconds in monolayer samples to more than a nanosecond in 10-layer samples. The inverse carrier lifetime was found to scale according to the probability of the carriers being present at the surface layers, as given by the carrier wavefunction in few layer samples, which can be treated as quantum wells. The carrier lifetimes were found to be largely independent of the temperature and the inverse carrier lifetimes scaled linearly with the photoexcited carrier density. These observations are consistent with defect- 
Two dimensional (2D) transition metal dichalcogenides (TMDs) are proving to be interesting matearXiv:1510.08563v2 [cond-mat.mes-hall] 2 Nov 2015 rials for a variety of different low-cost optoelectronic device applications, including photodetectors, light-emitting diodes, and, more recently, lasers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Indirect bandgap few layer and bulk TMDs are well suited for high quantum efficiency photodetection applications because of their large optical absorption coefficients and long photoexcited carrier lifetimes [12] [13] [14] . Few layer TMDs and their heterojunctions are promising for flexible photovoltaic and solar cell devices with thicknessadjustable bandgaps [14] [15] [16] [17] . For all the aforementioned applications, understanding the dynamics of photoexcited carriers in these materials is important.
The ultrafast dynamics of photoexcited carriers and the non-radiative recombination mechanisms in monolayer TMDs, and in MoS 2 in particular, have been the subject of several recent experimental 13, [18] [19] [20] [21] [22] [23] [24] and theoretical studies 25 . Non-radiative electron-hole recombination in MoS 2 monolayers results in photoexcited carrier lifetimes in the few tens of picosecond range. In contrast, photoexcited carrier lifetimes in bulk MoS 2 have been shown to be in the few nanosecond range 12, 13 . This large difference between the carrier lifetimes in monolayer and multilayer 2D materials remains poorly understood. Shi et al. attributed this difference to the changes in the electronic bandstructure of MoS 2 going from monolayer, to few-layer, and to bulk 13 .
Monolayer MoS 2 is known to have several different kinds of point defects, such as sulfur and molybdenum vacancies, interstitials, and adsorped impurity atoms, in addition to grain boundaries and dislocations [26] [27] [28] [29] [30] [31] [32] [33] [34] . Recently, defect-assisted electron-hole recombination was proposed as the dominant non-radiative recombination mechanism in monolayer and bulk MoS 2 12,18,25,35 . The carrier density and the temperature dependence of the observed recombination dynamics suggested that photoexcited carriers are captured by defects via Auger processes 12, 18, 25 . It is reasonable to expect that surface layers of few-layer TMDs have far more defects and impurities than the inner layers and, consequently, if defect-assisted processes are indeed responsible for electron-hole recombination in TMDs, then the recombination time would scale in some meaningful way with the number of layers in few-layer TMDs.
In this letter, we report results for ultrafast carrier dynamics from non-degenerate optical pumpprobe studies of few-layer MoS 2 . Our results show that the photoexcited carrier lifetimes increase dramatically from ∼50 ps in monolayer MoS 2 to ∼1 ns in 10-layer MoS 2 . The lifetimes were found to be largely temperature independent in all few-layer MoS 2 samples irrespective of the number of layers. The evolution of the carrier lifetime with the number of layers matches extremely well with our analytical model. The analytical model assumes a fast recombination time for the two surface layers in a few-layer sample, and a slow recombination time for all the inner layers, and then estimates the actual recombination time for a few-layer sample by weighing the inverse lifetime with the probability of electron occupation of each layer as given by the electron wavefunction in a few-layer sample. The good agreement between the measurements and the model shows that electron-hole recombination in few-layer MoS 2 is dominated by defect-assisted recombination processes in which the surface layers play an important role. In addition, the temperature and pump fluence dependence of the measured lifetimes are consistent with carrier capture by defects via Auger scatterings 12, 18, 25 . Reduction of carrier lifetimes in more traditional semiconductor nanostructures, such as quantum wells and wires, due to very large surface recombination velocities is well known [36] [37] [38] [39] [40] , and surface passivation schemes have proven to be critical in the operation of optoelectronic devices based on these materials [41] [42] [43] . Our work underscores the importance of developing similar passivation schemes for optoelectronic devices based on monolayer and multilayer TMDs.
Sample Preparation and Experimental Technique:
Few-layer MoS 2 samples were mechanically exfoliated from bulk MoS 2 crystals (obtained from 2D Semiconductors Inc.) and transferred onto quartz substrates. Exfoliated samples were characterized electrically and optically, using transmission/reflection spectroscopies, to determine the electronic and optical conductivities 18 . The monolayer samples were found to be moderately ndoped (> 10 12 1/cm 2 ) and the multilayer samples were found to be lightly n-doped (2-4×10 15 1/cm 3 ), consistent with previously reported results 10, 12, 18, 44, 45 . The thickness of the samples was measured by AFM to determine the number of layers 1 . In the nondegenerate ultrafast optical pump-probe (OPOP) experiments, ∼80 fs pulses at 905 nm center wavelength (1.37 eV photon energy) from a 83 MHz repetition rate Ti-Sapphire laser were frequency-doubled to 452 nm (2.74 eV) by a beta-BaB 2 O 4 crystal. The 452 nm pump pulses were used to excite electrons from the valence band into the conduction band in the samples. The differential transmission (∆T /T ) of time-delayed 905 nm probe pulses was measured using a chopped lock-in technique. A 20X objective was used to focus the pump and the probe pulses onto the samples. The OPOP experiment is illustrated in Figure 1 (a). Bandstructure of multilayer MoS 2 is shown in Figure 1 were reported in previous work 18 , and the results shown in Figure 2 which plots the magnitude of the transients on a log scale (after rescaling them for clarity). The observed time scales exhibit an interesting relationship with the number of layers in the sample and this relationship is discussed in detail later in the paper.
We first discuss different physical mechanisms contributing to ∆T /T in our measurements. The measured differential transmission ∆T /T of the probe pulse can be expressed as 18 , 
Here, ∆n (∆p) is the photoexcited electron (hole) density in the conduction (valence) band, ω is the probe optical frequency, and τ d is the carrier momentum scattering time (assumed to be the same for both electrons and holes). The final negative part of the transient is related directly to the density of the photoexcited electrons and holes in the bands and enables one to measure the time scales associated with electron-hole recombination, as discussed in detail below.
The refractive index response is given by the changes in the imaginary part of the optical conductivity which can affect the probe transmission through the term containing the product processes in which carrier capture by defects occurs via Auger scattering have been presented by the authors in previous works 12, 18, 25 , and used successfully to model the carrier recombination dynamics in monolayer and bulk MoS 2 samples 12,18 . A prominent feature of Auger scattering is recombination times that are independent of the temperature but depend on the carrier density (or the pump fluence). In all the MoS 2 samples studied in this work, we observe this feature in the long negative ∆T /T transients. Therefore, following our earlier work 12,18 , we model the recombination dynamics with electron and hole defect capture rates, R e and R h , respectively, that are given by the following expressions valid for our n-doped samples: R e = An 2 n d (1 − F d ) and
Here, n (p) is the electron (hole) density, n d is the defect density, F d is the defect occupation probability, and A and B are rate constants for Auger scattering. Details of the model can be found in the supplementary information. Figure 3(a) shows the good agreement between the recombination model and the measured ∆T /T transients for the long negative part of the transients for different pump fluence values. If the the photoexcited carrier density is much larger than the defect density n d and the equilibrium carrier density, then it can be shown that for multilayer samples the carrier recombination dynamics can be described by the following Equation (see the supplementary information),
It is the product of the rate constant and the defect density that determines the recombination rates. According to the above Equation, the initial inverse carrier lifetime 1/τ after photoexcitation is expected to scale linearly with the photoexcited carrier density and, therefore, with the pump fluence. The extracted initial inverse carrier lifetimes 1/τ plotted in Figure 3 (b) are seen to scale almost linearly with the pump fluence, as expected from the model. The vertical offset in Figure   3 (b) at zero pump fluence is attributed to the light n-doping in our samples. Note that none of our measurements rule out or affirm if the defects responsible for electron-hole recombination are the same midgap defects whose signature appears in the optical absorption spectra discussed above. Photoexcited carrier dynamics in monolayer MoS 2 are not adequately described by the above Equation 18 . In the case of monolayer MoS 2 , fast defects contribute to rapid electron-hole recombination in the first few picoseconds and carrier recombination dynamics on long time scales are described by slow defects. A more detailed discussion of the carrier dynamics in monolayer samples is given previously by Wang et al. 18 . In Figure 2 (c), only the portion of the transient governed by the slow defects is visible for the monolayer sample.
Scaling of the Carrier Lifetime with the Number of Layers:
We now explore the dependence of the carrier lifetime τ on the number of layers. The carrier lifetime, extracted from the data shown in Figure 2 (c), is plotted in Figure 4 A possible difference between monolayer and few-layer MoS 2 is the possibility of substantially more defect states, acting as recombination centers, present at the surfaces compared to in the bulk. Drastic reduction of carrier lifetimes and photoluminescence quantum efficiencies in more traditional semiconductor nanostructures, such as quantum wells and wires, due to very large surface recombination velocities is well known [36] [37] [38] [39] [40] . One might assume, as the simplest model, that all recombination occurs at the two surface layers in few-layer MoS 2 and no significant recombination occurs in the bulk. This would mean that the carriers photoexcited in the bulk would have to diffuse to the surfaces in order to recombine and carrier lifetimes would then be diffusion limited and sample thickness dependent. Diffusion time in a clean disorder-free material sample goes as the square of the sample thickness 52 whereas the lifetimes in Figure 4 (a) have a very different, and much stronger, dependence on the film thickness (or the number of layers). Diffusion time in disordered materials (with correlated potential disorder) goes exponentially with the sample thickness but is also extremely temperature dependent 52 , which is again inconsistent with our data. We propose another model here based on the quantum mechanical wavefunction of the electrons and holes in few-layer samples. Since the few-layer samples used in our work are thin (all less than 6 nm in thickness) one would expect the quantum mechanical spatial coherence of the electron wavefunction to hold in the direction perpendicular to the layers even at room temperature. We assume a fast recombination time τ s (as given by the products of the Auger rate constants and the defect density) for the two surface layers in a few-layer sample, and a slow recombination time τ i for all the inner layers, and then estimate the actual recombination time for a few-layer sample by weighing the inverse lifetime with the probability of electron (or hole) occupation of each layer as given by the electron (or hole) wavefunction in a few-layer sample. This procedure is equivalent to assuming a spatially varying defect structure in a more formal calculation technique such as the one presented by Wang et al. 25 . This procedure also assumes that the carriers are mobile in the direction normal to the plane of the layers, an assumption that seems to be justified by the large splittings of the energy subbands observed in the conduction band minima and the valence band maxima in few layer MoS 2 in calculations 47 . The envelope of the electron (or hole) wavefunction of the lowest quantum confined state (confined in the direction perpendicular to the layers) can be obtained using the effective mass approximation (and assuming a discrete space),
where f (x, y) is the envelope wavefunction in the plane of a layer, φ(k) is the envelope wavefunction in the direction perpendicular to the layers evaluated at the k-th layer, and N is the total number of layers. The lifetime τ of the carriers in a few-layer (N ≥ 2) sample can be estimated as,
The results thus obtained are plotted in Figure 4 (a) along with the data. We used values of τ s and τ i equal to 50 ps and 1.3 ns, respectively, to obtain a good fit. The excellent agreement between the model and the data for all layer numbers N shows that the model captures the essential physics.
Note that we only considered the lowest quantum confined state in Eq.(4). There is a possibility that higher energy quantum confined states in our few-layer samples could be occupied by hot or thermally excited carriers. However, even in the 10-layer sample the second confined state is estimated to be 50-100 meV higher in energy 47 and is, therefore, not expected to have significant carrier population. Also, we see no temperature dependence in the measured lifetimes and this indicates that there is no significant error made in ignoring carrier spilling into the higher quantum confined states.
Conclusion:
Our results for the photoexcited carrier lifetimes in few-layer MoS 2 suggest that carrier recombination is dominated by defect-assisted processes that have much higher rates at the surface layers were considered a strong candidate in a recent theoretical work by Wang et al. 25 and, given the low formation energies of sulfur vacancies 30 , surface layers are expected to have more of them than the inner layers in few-layer samples. Our work also shows that monolayer light emitting and detecting TMD devices will pay a high penalty in terms of the quantum efficiency unless suitable schemes for controlling and/or reducing surface defects are developed. Temperature dependent conductivity measurements were also performed and are also plotted in Figure 1 for two different temperatures, 10K and 300K. In the 0.8-1.6 eV absorption band, we find that σ r always increases with a decrease in the temperature. This observation seems consistent with the absorption band getting a strong contribution from midgap defect states whose occupation increases with a decrease in the temperature in our lightly n-doped samples.
Details on the Carrier Recombination Dynamics:
Defect-assisted electron and hole recombination in which carrier capture by defects occurs via Auger scattering is described by the following rate equations valid for our n-doped multilayer samples,
Here, n (p) is the electron (hole) density, n d is the defect density, F d is the defect occupation probability, and A and B are rate constants for Auger scattering. Electron and hole emission rates from the defects are ignored for simplicity. 1 It should be noted here that the photoexcited carrier dynamics in monolayer MoS 2 are not adequately described by the above set of equations. 1 In the case of monolayer MoS 2 , fast defects contribute to rapid electronhole recombination in the first few picoseconds, as observed experimentally. 
